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I. INTRODUCTION

In this report we discuss recent studies on adaptive arrays for
the Navy ITACS system. The goal of this research is to develop an
adaptive antenna system compatible with the ITACS signaling waveform,
so that a weak ITACS signal can be received in the presence of a strong
interfering signal,

The work here is a continuation of earlier research on power
inversion by Compton, Lee, and Schwegman [1,2,3,4]. This work differs
from previous studies in that we consider here the power inversion
behavior of an array with tapped delay-line processing behind the
elements, rather than quadrature hybrid processing. Tapped delay-
line processing allows the adaptive array to operate over a much
wider bandwidth than does quadrature hybrid processing, and thus allows
the array to protect a communication system from broadband interference.

In a power inversion array, no reference signal is provided, and
the array feedback uses a low-pass filter to prevent weight shutdown [1,3].
This approach is especially attractive for time-division multiple access
systems when the important interference threat is a continuous broadband
signal. In this situation, the steady presence of the interference
signal allows the array to null it effectively, while the pulsed nature
of the desired signal allows one to depend on array time constants to
prevent desired signal nulling.

Although our ultimate interest is in broadband interference, this
report is a preliminary study in which we consider only CW interference.
The more general case of broadband noise interference will be discussed
in a later report.

In Section II we define the tapped delay-line array and the
feedback loop under study, and discuss the problem of determining
suitable values for the feedback constants. In Section III, we apply
these results to a two-element array and show some typical preliminary
results,

IT. REVIEW OF BASIC THEORY

Figure 1 indicates the basic configuration of a 2-element
adaptive array [1,3]. The feedback loop is based on a steepest-

descent minimization of the mean-square error signal, €“(t). In
general, e(t) is obtained by subtracting the output of the array from
a reference signal R(t). However, in a power inversion array, R(t)

is zero so that e(t) is just the array output [1]. The incoming
signal from each element is split in a tapped delay-line into n com-
ponents. Each of these components is multiplied by a weighting coef-
ficient w. and then summed to yield the array output. The weights in
a power inversion array are controlled by the system of equations [3]:

1




TAPPED
DELAY-LINE

OUTPUT
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TAPPED
DELAY-LINE

pi44 piid

FEEDBACK ‘—d)._
€(t\—"+ R(1)=0

ERROR REFERENCE

Fig. 1. Basic adaptive feedback system.

Ly ez(t)

w_ is an initial offset weight vector, and V [sz(t)] denotes the gradient
o —73—— W

of the mean-square error ¢“(t) with respect to the weights. Kj and Ky
are loop gain constants that must be chosen so the array nulls a high-
power interfering signal sufficiently without nulling the weaker desired
signal. The dw/dt term in the equation provides the smoothing necessary
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to 1imit the frequency response of the weights, and the proportional
term w, results in steady-state weights that have the desired power

inversion behavior, [1,3] The feedback loop corresponding to Eq. (1)
is shown in fig, 2.

SIGNALS FROM
OTHER CHANNELS

x;(t)

s ( ;3

Fig. 2. The power inversion feedback loop.

If the reference signal R(t) is 0, the error signal becomes:

2n
(3) e(t) = -s(t) = - _Z] W, x; (t)
]:
Hence the mean square error is
— 2n  2n
(4) e“(t) = } ) WoW xi(t)x.(t)
i=1 j=1 ' J

Differentiation of Eq. (4) yields:

J

aCz(t) 2n
(5) ———§W~— = 2 z Wj Xitt;X.lt)
. j=1
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(6) v, [e7(t)

J=2¢w

where ¢ is a 2n x 2n matrix defined by

x](t) x](f) x](t) x2(t) oo x](ti xznZtS

RAGENA)
!
(7) d =
~ ;('én t X] t e in(tj in(t‘y

Substituting Eq. (6) into Eq. (4), we have

(8) K2 LI (1 + 2K]¢]w =W

dt 4]

The ith component of this equation is

dw. 2

1
(9) K2 i + Wi + 2K-|

i~

ih xi(tixj(tS wj = w10
where w;o is the ith component of vector w,. This is a coupled system of
differential equations,

We may obtain an understanding of the effects of Ky and Ko on the
solutions by considering a one-dimensional version of Eq. (9):

dw, 1+ ZK] x%(t) wio

(10) + W, = o— ,
dt K2 1 K2

If x?(t) is constant, the solution for wy in Eq. (10) will have a final
value given by:




Y10

1) Wfinal =

1+ 2K xf(t)

and the time constant of the transient term will be

K
(12) T = 2

1+ ZK] x?(t)

From Eqs. (11) and (12), one can see how the constants Kj and K

are to be chosen. For a given signal power ;?k t), K] must be large
enough so that wfjpay is sufficiently different from wig to allow
adequate interference nulling. After Ky is selected, K2 may be chosen
to g1ve a desirable array response time.

The design problem is complicated, however, by the fact that the
optimum choice for K] depends on the signal power x%(t), since it is
rea]]y the product K]X?(t) that determines the loop gain. (Normally

2K X](t) >> 1.) One must select a value for Ky giving adequate inter-
ference nulling for the weakest interference signal for which protection
is needed. Then for larger interference, the protection will be greater.
However, the array will perform satisfactorily only up to the point where
the time constant of the loops becomes too short. When the array time
response is too fast, other problems may occur; for example, the array
weights may affect the desired signal modulation.

Finding suitable compromise values for Ky and K2 would not be
difficult for the one-dimensional weight equation in Eq. (10). However,
the full array is described by the set of 2n coupled equations in Eq. (9),
in which the coefficients Xxj (tix (tY are time vary1ng For this reason,
the most practical method of choos1ng Ky and K2 in a computer simulation
has been to use a trial-and-error approach, taE1ng into account the
effects described above.

In the next section, we examine the performance of a two-element
power inversion array with tapped delay-lines.




ITI. RESULTS

In this section we show some typical response curves for a two-
element adaptive array with tapped delay-lines when a high power inter-
ference signal and a pulsed desired signal are incident. The array is
shown in Fig. 3. Each element is followed by a two-section tapped

DESIRED SIGNAL

INTERFERENCE
SIGNAL

y2(t) y, (1)
X, (1) - x, (1)

32
xs(")bg xz(')

Xe(f)d——j Xg(t)

Fig. 3. Two-element array with tapped delay-lines.

delay-line* with taps spaced one-quarter wavelength at the desired
signal carrier frequency. The desired and the interference signals
are assumed incident on the array from angles 64 and 64, respectively,
as shown in Fig. 3. The two elements are spaced a half wavelength
apart at the desired signal frequency (L=)4/2). The interface is
assumed to be on a slightly different frequency than the desired
signal.

The element signals are given by

(13) y1(t) = A(t) cos(w;t) + B cos(u,t)

*The number of delays needed behind each element depends on the band-
width of the signals. A subsequent report will discuss this subject,
and will explain why 2 delays are appropriate with the ITACS waveform,
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and

(18) yz(t) = A(t) cos(w]t-yd) + B cos(wzt-yi)

where A(t) is the pulse envelope of the desired signal, B is the
amplitude of the interference signal,

_2nL . _ :
(15) Yq = —7E-s1n 6q = TSN 64,
and

2L . _ M
(]6) Y.I = >‘-i sin ei - T.i— msIN B,i

sinca L = kd/Z. We assume B >> A(t).

The outputs of the tapped detay-Tines are given by

(17) x,(t) = A(t)cos[w t] + B cos[u,t]

(18) X,(t) = A(t-T))cos[w, (t-T,)] + B cos[w,(t-T,)]

(19) x3(t) = A(t-2T) Jcos[w (t-2T,)] + B coslu,(t-tT;)]

(20) xa(t) = A(t) cos[w]t-yd] +B cos[wzt—yi]

(21) xg(t) = A(t-T;)cos[wq (t-T;)-v4] + B cos[wy(t-T;)=v;]
(22) x6(t) = A(t-ZT])cos[w](t-ZT])-yd] + B cos[wz(t-ZT])-yi].

The offset weight vector is chosen to be

(23)

X

o

L}
OCOOCOO ~—

This choice makes the quiescent pattern of the array omnidirectional,
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A computer program has been written to simulate Lhe time behavior
or the array shown in Fig. 3 with feedback loops as shown in Fig. 2.
The array weights are controlled by an iterative routine that is a
sampled data equivalent of Eq. (1). The program is shown in the
Appendix.

Figures 4 and 5 show a typical output from the array as the weights
adapt. In Fig. 4, the high power interference signal is turned on at
t=0, and the array weights change with time to suppress this signal.
Figure 5 is a continuation of the run shown in Fig, 4 with the vertical
scale amplified, and the desired signal nulse cccurs during the lire
shown in Fig. 5. It may de scen how tne irnterfererce i cupnressed
(in Fig. &), and remains suppressec wien tie acsirec <iguel pulse
occurs (in Fig. 5). The desired signal power at the array output is
higher than the interference power, even though the interference is
40 dB higher than the desired signal at the array input. The feed-
back loop gain constants Ky and Ky used in Figs. 4 and 5, which have
been chosen by trial-and-error to produce a_suitable response, are
K1 = .5, Kp = 1.25 x 104 « (Ky/Ky = 4 x 103). The effect of reducing
K1 may be seen by comparigg Figs. 4 and 5 with Figs. 6 and 7, where
Ky = .05, K2 = 1.25 x 1077, and with Figs. & and 9, where Ky = ,005 and
Ko = 1.25 x 1076, (In a1l three sets of curves, Kj/Kp = 4 x 103, so the
array time constant is the <ame in each case.) In Figs. 8 and 9, Ky is
too small for satisfactory interference rejection; tne residual inter-
ference present at the array output beats with the desired signal pulse
to produce an amplitude modulation.

The effect of changing K without changing Ky may be seen by
comparing Figs. 4 and 5 with Figs. 10 and 11 and with Figs. 12 and 13,
In all cases Kj = .5, 1In Figs. 4-5, Ko = 1.25 x 10~4, in Figs. 10
and 11, Ky = 5 x 10-4, and in Figs. 12°and 13, K; = .5 x 10-4. The
larger Ko, the longer the transient during which the interference is
being nulled out, as predicted by Eq. (12).

IV,  CONCLUSIONS

This is a preliminary report on power inversion in a wideband
adaptive array using delay-line processing. The power inversion
concept in a tapped-delay line array has been discussed and a computer
program written to simulate array behavior. Some typical results for
CW interference and pulsed desired signal have been shown, and the
influence of the feedback loop constants on the performance have been
iljustrated. A subsequent report will discuss the power inversion
characteristics of such an array in more detail and will show system
performance with wideband interference signals.
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: APPENDIX
3 COMPUTER PROGRAM
i
1 ] DIMENS]ION luUF(ICC).uME(SCI),Y(S),b(&),b‘O(G),
> 2 $SUMA(6L]l),SUNMB(62])
3 C  INITLAL SETTINGS FUR eiluMIS
4 widzl,
5 wollozt.
6 DO I 1:2,6
7 «(1):0.
8 s0(l):=2.
s 1 COHTINUE
e Fli3.14)1952€535;8
N TelF1:26.0231865%0c7i8
I2 € FREVUEACY ur [ESihb. nie TNTEAFERENCE SIeMALS
13 FRELTl.E ©% ,
14 FRElIZ1.IE @S !
15 C  PHRASE DELAY :
16 ALPHA:PI#SIN(Pi*3¢./182.)
i7 BETA:PIsSIN(PI®6l,/13C.)
18 C WFER LIMIT FOk RESclilnG TIME 1SNCHEMENT
19 UP=3.5/(4,8FneD) N
. 26 C  LCOP GAIN CONSTANI
21 Ct:z.es5
zz CO0z.2u%E 66
. 23 C  INITIAL CUTPUTS FOK ELEMENTS 2,3,5 AND 6
24 Y(2)z8.
25 Y(3):=0.
26 Y(5):=e.
] 21 Y(6)=p.
28 C
. 29 Iz0.
Y To=e.
31 DO 2 J=1,1951
' 32 IFCJ.LE.1500) GO TO 11
33 1FCJ.GT. 1% AND, J.LE.1728) GO TO 422
34 1) DESIG:=@.,
35 DESIGD:=2.
\ 36 G0 T0 17
37 422  DESiG:S1W(IWOPIeFREI®1D)
: 38 LESIGD=SINCIwOPI®Fni e iu-ALPHA)
' 3% 17 OMET=TwuPl#FREI®]
40 1P CONET.GT.TWOPL) GG TO 111
a4l GO 10 i@l
42 11l OMET=OMET-TeOPI
. a3 IFCOMET.GT.TWOPI)Y GO TO 141
i 44 181 Y(1):DESIGHIC2.#5INCOMET)
45 Y(A)zDES}GD+120.9S1.iC UMET-BETA)
! 46 SUM=0.
a7 DO 3 X=1,6
46 SUMzW(K)#Y(K)+5UM !
49 3 CONTINUE ‘
5e F(J.LE.S21) GO 10 %¢2
51 FCA.GT.1350) 60 TO 993
52 GO TO 543 1
93 %82 SUMACJ):SUM
54 TIMECJ) = 1s FRED . 1
. 55 GO T0 543
56 503  MmzJ-13%0
57 SUNMB () zS UM
58 543 DO 4 L=1,6
59 WL SCl =1 ./C0)eW( L)+ WOCL)I/CO-2,¢(C1/COISY(L)*SUN
6@ 4 CONTINUE :
6! Tz141./7CASFRED) ]
€2 T0=TD+1 . /(4.4 FRED) \
, 3 JFCIL.GT.UP) TD:P@. i
64 Y(32:¥(2) (
|t }
i t
P z
. ]5 $
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88

Yler=yai)

Y(6)=Y(5)

YCH):¥ (4

CONTI KUE

CALL PLSUA(SUNA, TINMD)
CALL PLSU(SUro, Timk)
CALL =AlT

=wh

SUsALJTILE PLOUA(SUN, 12

DIMERSION Yooty SdNiedi), laUfled?

CALL PLOTS (luLUF.iCw,3)

CALL PLOT (1.,5.5,-8)

CALL AAIS (2.t estnT e oyt e ydiadyla,¢)
ChLL ARLS (e, =4, 3nsdfl, 3,8 s ey =ldCesDeyl o)
RS K B AT

YituMiid. ot

oLl Lot (a,Y,57

LU 7 ce,6. .

AT TCMI /30 00

Y-SUMLED /LD,

Cati FLUT (X,Y,&)

CONTl WUE

Call PLOT (5.,-9.5,55%)

RETUR N

eND

SUsROUINTE PLSUCSUM,T)

DIMEMSION 1C€u1),CUN(6El), ISUF(138)

CALL PLOTS (1bUF,1€c,3)

CALL PLOT (1.,5.5,-3)

CALL AKIS (huyiieslRT, 8,5 000080 ,30.85,1.,2)
CALL AXIS (B.,=8.,385UM,3,E0,5200"2epe5,0 042}
XzTCI)/32.85

Y:SUMIY/.5

CALL PLOT (X,Y,3)

DO 88 52,8l

AzTCD /3665

Y sSUMCm /.5

CALL PLOT (X,Y,2)

CONTINUE

CALL PLOT (5.4°9.5,599)

RETURN

END
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